A decrease in shoulder stability due to compromised soft tissues is commonly seen in athletes whose sport, such as baseball, demands strong repetitive overhead movements, as well as in individuals who have experienced glenohumeral joint (GHJ) dislocation as a result of acute trauma such as a fall. [1] [2] [3] After the first episode of anterior shoulder dislocation, injured passive shoulder stabilizers may not be able to provide sufficient mechanical stabilization to maintain the humeral head within the glenoid cavity, especially in shoulder positions involving abduction with external rotation (ER). 4 -7 Altered neuromuscular control over shoulder muscles due to compromised proprioceptive sensation also may contribute to recurrent shoulder instability. 8 -13 Without proper neuromuscular coordination, the individual may not have proper dynamic stability by engaging appropriate muscle activation at positions in which voluntary contraction of active joint stabilizers is crucial for shoulder stability. 9, 12 Significant joint position sense differences have been reported between individuals with healthy shoulders and those with unstable shoulders. 9, [12] [13] [14] However, shoulder position sense was commonly analyzed using the "passive matching of passive positioning" protocols, in which the person's arm was moved passively with an apparatus in both the initial and the matching trials without visual guidance. 9, [12] [13] [14] Hence, it is not clear whether people with unstable shoulders also exhibit joint position sense deficits during voluntary movements used in most daily activities. When an individual actively moves the unsupported arm to various shoulder locations, muscle spindles and Golgi tendon organs (GTOs) of shoulder muscles may become more sensitive to joint angle changes. [15] [16] [17] [18] Evidence suggests that information from muscle spindles may be the primary input for perception of joint angles, as previous work has shown that joint receptor inputs are not necessary for accurate perception of joint angles at digit joints. 19, 20 During voluntary movement, additional information of central origin (eg, effort) will be available. 17, 21, 22 Activating shoulder muscles for abduction and rotation may minimize anterior translation of the humeral head and enhance GHJ stability. 7, [23] [24] [25] [26] [27] Therefore, people with unstable shoulders may have better shoulder position sense during voluntary movements than during passive movements.
There are only a few studies that involved active movement of unstable shoulders during shoulder position sense testing. 28 -31 However, some procedures did not examine the end-range of motion where vulnerable shoulder structures are stressed and shoulder dislocations are most likely to recur. 28, 29, 31 In addition, reproducing a remembered target 28 -31 can be affected by the person's cognitive status, environmental settings, and procedural factors. Moreover, being able to reproduce a remembered location does not indicate whether people can accurately move their shoulders to "intended positions" without copying a prior movement, as in most of the daily activities. Thus, results of earlier studies may not accurately reflect shoulder position sense at a functional level, and the current shoulder position sense testing techniques may not provide clinicians with the most accurate and consistent evaluation of a shoulder injury.
The purpose of the present study was to examine whether individuals with anterior shoulder instability exhibit larger shoulder position sense errors than those with healthy shoulders in both passive matching and active positioning. Our first hypothesis was that individuals with unstable shoulders would exhibit larger position errors than those with healthy shoulders in reproduction of remembered shoulder rotation angles during passive matching, and the difference between the 2 groups would be greater near the end-range of motion where the GHJ is most unstable. Our second hypothesis was that individuals with unstable shoulders and those with healthy shoulders would exhibit similar joint position sense errors during active positioning, and the difference between the 2 groups would remain the same at mid-range or end-range shoulder positions. The goal of the study was to assist clinicians and researchers in developing appropriate shoulder position sense diagnostic and testing techniques and in implementing proper rehabilitation programs for individuals with anterior shoulder instability.
Method Participants
Ten individuals with a history of anterior shoulder dislocation (3 female and 7 male, aged 19 -37 years) and 15 individuals with healthy shoulders (4 female and 11 male, aged 20 -39 years) volunteered for this study (Table) . All participants signed informed consent documents approved by the Institutional Review Board of the University of Iowa. Inclusion criteria for the participants with unstable shoulders included having a minimum of one episode of anterior shoulder dislocation documented in their medical record, a positive apprehension test administered by the primary investigator, and no surgical repair prior to the testing. People with multidirectional instability, degenerative arthritis, muscle weakness (weaker than "normal" with manual muscle testing [MMT]), and the inability to achieve the designated shoulder positions without pain or apprehension were excluded from the study. People Shoulder Position Sense in Individuals With Anterior Shoulder Instability with only partial dislocation or subluxation also were excluded from the study. Participants with unstable shoulders were recruited from the local university medical center, and only those with a proper diagnosis were invited for further screening.
More individuals with healthy shoulders than individuals with anterior shoulder instability were recruited to properly establish control performance. Because a person's sex 32 and age 11, 33, 34 may have an impact on joint position sense, participants 
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with a similar sex ratio and age range were recruited for both the control group and the experimental group. Inclusion criteria for the control group included no known history of shoulder injury that required medical treatments and the ability to move the shoulders to the target positions without discomfort or limitations. Participants with healthy shoulders were recruited from the local university student body and staff. Based on the pilot data of 6 individuals (3 with unstable shoulders and 3 with healthy shoulders), the sample size of 10 participants in the experimental group was considered adequate to detect group differences with a power of 80% when the significance level is .05.
Measures
The Ascension Technology mini-BIRD (MB) electromagnetic tracking system (Ascension Technology Corp, Burlington, Vermont) was used to record shoulder kinematics (74-Hz sampling rate). Five electromagnetic receivers of the MB system were secured on the skin over each participant's manubrium, the distal end of the scapular acromion, the lateral epicondyle of the humerus (on the brace over the lateral epicondyle for active positioning testing), the wrist cuff over the styloid process of the ulna, and the tip of the index finger. Data from the index finger sensor were used for recording end-point accuracy of 3-dimensional reaching movements, which will be reported in a future manuscript.
A custom-made Plexiglas manipulandum consisting of a movable arm that rotates in the horizontal plane on a stationary vertical axis (with minimal friction) under the elbow joint center was used for passive matching testing (Fig. 1) . The adjustable handle location on the manipulandum was designed to ensure a comfortable grip with the participant's wrist in its neutral position. A flat piece of cardboard marked with the target angles was positioned under the manipulandum during testing to provide visual cues to the experimenter for the intended targets. To better represent humerus movements during active positioning testing, the elbow of the examined arm was placed in a padded brace with 90 degrees of elbow flexion and neutral forearm rotation, and the humeral receiver was placed on the brace over the lateral epicondyle of the humerus (Fig. 2 ). Participants were blindfolded and sat in an armless chair with a vertical back support during all testing procedures.
Procedure
After giving their consent, all potential participants first attended a screening session (the first visit) prior to the data collection phase of the study. The primary investigator (Y.H.) first examined whether participants could reach to all predetermined target angles freely with both arms without limitation, pain, or apprehension. Second, the primary investigator applied MMT to examine whether the participants had muscle weakness of their shoulder external and internal rotators and flexors and abductors. Before the second visit, participants were instructed to avoid strenuous or repetitive upper-extremity activities at least 1 day prior to the scheduled testing to avoid muscle fatigue and discomfort. The 3 testing protocols (passive matching, active rotation, and active abduction) were conducted in random order, and participants took at least a 1-minute break between protocols. Prior to each testing protocol, blindfolded participants were positioned at 0 degrees of shoulder abduction, 0 degrees of shoulder rotation, and 90 degrees of shoulder flexion as measured with a goniometer, and shoulder angles were recorded with the MB system in this position. The end position of all following trials was compared with this aligned position to determine their shoulder angles.
Figure 1.
Passive matching. The blindfolded participant rested his arm on the movable arm of the manipulandum, which was moved by the experimenter to the target angle (in this case, 45°of external rotation).
Figure 2.
Active rotation. The blindfolded participant actively moved his unsupported arm to the target angle (in this case 45°of external rotation, with 90°of abduction).
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For passive matching, blindfolded participants were instructed to relax the tested arm and place the ulnar surface of the forearm on the movable arm of the manipulandum with the elbow placed over the rotational axis on the manipulandum (Fig. 1) . The height and handle location of the manipulandum were further adjusted according to each individual's body dimensions. The primary investigator first explained the testing procedures to the participants, and then they practiced 3 to 5 trials to some random angles while blindfolded. Without informing the participants of the intended target locations, the primary investigator first moved the forearm (by moving the handle) in the horizontal plane to rotate the shoulder toward 1 of the 3 target shoulder rotation angles (45°of internal rotation [IR], 45°o f ER, and 75°of ER). Seventy-five degrees of ER was chosen to represent the end-range of motion for passive testing because most participants (including those with healthy shoulders) could not externally rotate to 90 degrees when rotating the forearm in the horizontal plane with a small abduction angle. After staying at the target for 3 seconds to enable the participant to remember the target location, the examiner moved the shoulder to a new position, which was approximately 15, 30, 45, or 60 degrees rotated away from the original target location in either direction. All participants were repositioned away with the same rotational angles (15°, 30°, 45°, or 60°) but not in the same pseudo-random order.
The starting position for the reproduction phase was varied to emphasize the target position and discourage the participants from remembering the amplitude and time used to reach to the target as a cue in reproducing the target angle. Subsequently, the investigator moved the forearm slowly back toward the previous (remembered) target angle, and participants were instructed to say "stop" when they felt they had been returned to the remembered target location. The participants could request to rotate the shoulder back in the opposite direction if they felt that the examiner had overshot the target. The participants performed 8 trials for each target (3 targets in total) in a random order.
For active abduction, the primary investigator first described the testing procedures and the spatial definition of 3 easily comprehended angles (45°, 90°, and 135°of shoulder abduction in the frontal plane) before demonstrating the task for the participants. In order to avoid use of visual feedback to remember the designated target location during practice, participants were not allowed to practice during the investigator's demonstration and practiced only while blindfolded later without receiving position accuracy feedback from the investigator. After being given the target location verbally for a specific trial, blindfolded participants actively moved the examined shoulder from the starting position to the target position with a comfortable speed. After staying at the target location for 1 second, participants then returned the arm to its starting position and were encouraged to relax the shoulder after each trial. Participants performed 8 trials for each target (for a total of 24 trials) in a random order.
For active rotation, the same demonstration and practice protocols as in active abduction testing were implemented. After being given the target location verbally for a specific trial, participants first actively moved the shoulder to approximately 90 degrees of abduction and then to one of the 3 shoulder rotation angles (45°of IR, 45°of ER, or 90°of ER) with a comfortable speed (Fig. 2) . After staying at the target location for 1 second, they then returned the arm to its starting position. Participants performed 8 trials for each target in a random order for a total of 24 trials. All 25 individuals participated in active abduction and rotation protocols. However, 2 individuals with healthy shoulders and 3 with unstable shoulders were not able to participate in the passive matching protocol due to time limitations or inability to position the arm to 45 degrees of IR (blocked by the trunk).
Data Analysis
Skill Technologies' 6D Research software (Skill Technologies Inc, Phoenix, Arizona) was used to compute positions and orientations of the MB receivers, and a customdesign program converted the data to a format that was further analyzed with DataPac 2K2 software (Run Technologies, Mission Viejo, California). Humerus orientation was computed relative to the trunk coordinate system, which was positioned parallel to the global coordinate system. In order to reduce humerus orientation measurement errors caused by the potential movement of the humerus receiver, shoulder rotation and abduction angles were computed by constructing a local humeral coordinate system followed by 3 ordered rotations about axes fixed to the humerus. Absolute position data from 3 noncollinear points (acromion, elbow, and wrist receivers) were used to construct a local coordinate system for the humerus. The orientation of the humerus then was calculated by relating the local humerus coordinate system to the global system with a series of ordered rotations about the humeral axes: vertical axis (defines yaw angle), medial-lateral axis (defines elevation angle), and long axis of the humerus (defines IR/ER angle).
For passive matching, shoulder rotation angles obtained in the matching Shoulder Position Sense in Individuals With Anterior Shoulder Instability trial were compared with the target rotation angles positioned earlier by the primary investigator in the initial trial. For active abduction and rotation, the shoulder angle perceived by the participant at the target location was compared with the specific target angle given to the participant. The root mean square (RMS) errors, which combined both the constant and variable errors, were computed to represent the overall positioning errors for group comparison.
Two-way analysis of variance (ANOVA) with one between-group factor (unstable versus healthy shoulders) and one repeatedmeasures factor (3 target positions) was used to analyze the data for passive matching and active abduction and rotation testing. The Tukey honestly significant difference test was used for post hoc testing of significant main and interaction effects. Because there were 3 levels (3 targets) for the repeated-measures factors, adjustments in degrees of freedom using Greenhouse-Geisser correction were applied. Significance level (P values) was set at .05 for all comparisons. All analyses were conducted using Statistica (StatSoft Inc, Tulsa, Oklahoma).
Results
For passive matching, participants with unstable shoulders exhibited significantly larger overall RMS errors than those with healthy shoulders (F 1,18 ϭ4.64, PϽ.05, Fig. 3 Fig. 5 ). In all 3 target positions, RMS errors for unstable shoulders were not different from those for healthy shoulders. Positioning accuracy was similar for the 3 target shoulder rotation angles (F 2,46 ϭ2.50, PϾ.10), and both groups responded similarly to the 3 target angles, as there was no significant group ϫ angle interaction, although there was a trend (F 2,46 ϭ2.66, PϾ.09). Participants with unstable shoulders showed slightly larger RMS errors 
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than those with healthy shoulders near the end-range of shoulder rotation (90°of ER), but smaller errors near the other 2 rotation angles. Moreover, it is worth noting that participants in both groups exhibited the smallest position errors at 45 degrees of ER where shoulder stabilizers were not greatly stretched.
Discussion
Passive Matching Individuals with a history of anterior shoulder dislocation exhibited joint position sense deficits when examined with a technique that involved reproduction of remembered shoulder rotation angles with imposed motion of the supported arm. This finding is consistent with previous findings that unstable shoulders exhibited joint position sense deficits with passive matching. 9, [12] [13] [14] Because activation of joint capsule receptors is triggered by the deformation and changing of tension of the structures that stabilize the joint, overstretched shoulder capsules and ligaments may contribute to the observed joint position sense deficits. More importantly, compromised mechanoreceptors of shoulder muscles probably contribute to the deficits as well. Because participants were instructed to relax the supported arm during reproduction of shoulder rotation angles, spindles were less sensitive due to fusimotor activation and GTOs were less activated due to low muscle tensions. 15, 19, [35] [36] [37] [38] Moreover, greaterthan-normal anterior-inferior translation of the humeral head has been observed in people with anterior instability during passive movement. 7, 39 Because shoulder rotator cuff muscles insert into the humeral head, altered humeral head location due to instability may change the length of shoulder muscles and, therefore, the perceived shoulder rotation angles. 
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One unexpected finding of passive matching was that participants with unstable shoulders exhibited significantly larger errors than those with healthy shoulders only near 45 degrees of IR, not at the 2 ER angles. As previously described, receptors of shoulder muscles may be less capable of providing accurate joint position sense without voluntary motion and without a stable humeral head position in people with unstable shoulders. Without additional joint position sense information from joint receptors (due to stretching), muscle receptors may be less capable of providing accurate joint position sense near 45 degrees of IR in a relaxed condition. Moreover, the group difference at 45 degrees of IR of the present study (4.7°) is larger than the differences found in other studies that examined the intermediate range of shoulder rotation (0.6°-2.3°). 9, 12, 13 One likely explanation for the smaller group difference in earlier joint position sense studies is that the initial trial and the following matching trial often had the same starting position and range of motion and the same machinecontrolled movement speed (except for the study by Lephart et al, 9 who varied the speed between the 2 trials). Therefore, participants in earlier studies might have used the time to reach the target as an additional cue to improve shoulder angle perception, whereas this cue was not available in the present study due to variations in starting joint angle and movement speed.
The magnitude (1.8°overall group difference) and nature (most prominent near 45°of IR) of the joint position sense deficits observed in participants with unstable shoulders may not have a significant impact on daily activities at a functional level. Despite the significant overall group effect in RMS errors, it is important to note that the differences between groups were small in 2 of the 3 target angles for the present study (0.3°dif-ference at 75°of ER and 0.9°differ-ence at 45°of ER) and in previous studies (0.6°-2.3°). 9, 12, 13 Considering that the GHJ is most vulnerable near the end-range of ER in people with anterior instability, the results of this investigation show that both individuals with unstable shoulders and those with healthy shoulders have similar joint position sense at a vulnerable position (75°of ER) at which anterior dislocations often occur.
During passive matching, participants were asked to fully relax while being moved to various rotation angles. However, as in previous studies, 9, [12] [13] [14] it is unknown how much shoulder muscle activation actually occurred, especially toward the endrange of ER where the GHJ is least stable. Although it is more appropriate to describe the protocol as an "imposed movement" condition, to be consistent with the literature, we used the terminology of "passive matching" in the present study.
We examined both shoulder abduction and rotation with the active positioning protocol. However, passive abduction was not tested in our study. The main reason for conducting passive matching was to have data of a commonly used protocol to compare with data from a novel active positioning protocol. Because shoulder ER may impose a higher risk than shoulder abduction for people with anterior shoulder instability, in line with prior passive matching studies, 9,12 only passive rotation was conducted in this study.
Active Abduction and Active Rotation
For active abduction, participants with unstable shoulders actively moved the examined shoulder to the 3 instructed abduction angles (45°, 90°, and 135°) as accurately as the participants with healthy shoulders, with a group difference of 0.85 degrees in RMS errors. No previous study examined shoulder position sense with this testing protocol. However, the results of this study are consistent with those of studies that required participants to "actively" move their shoulders to match a remembered target, 28,31 although without requiring memory of a target in the present work. For active rotation, participants with unstable shoulders also moved their shoulders to the 3 targets (45°of IR, 45°of ER, and 90°of ER) as accurately as the participants with healthy shoulders, with a group difference of 0.99 degrees in RMS errors. These findings agree with the hypothesis of this investigation that people with a history of anterior shoulder dislocation would not exhibit joint position sense deficits when examined with an active testing protocol that better resembles functional activities than passive matching.
With accurate awareness of shoulder orientation, people with unstable shoulders may be able to position the shoulder to a desired location for daily activities, as well as exert proper shoulder muscle activation to stabilize the GHJ when moving toward vulnerable positions. As described in the "Discussion" section for passive matching testing, this result could be due to enhanced mechanoreceptor information with voluntary muscle contraction. In addition, researchers have found that anterior translation of the humeral head was reduced such that it was in a more centered or normal location within the glenoid fossa with active shoulder abduction and rotation. 7, [23] [24] [25] [26] [27] With proper muscle length information, individuals with unstable shoulders were able to perceive shoulder joint angle as accurately as those with healthy shoulders in the current study.
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The accuracy of perception of shoulder abduction angles depended strongly on the shoulder abduction angle. The results show that both groups exhibited the largest errors at 45 degrees of abduction and the smallest errors at 90 degrees of abduction. Although no study previously examined shoulder position sense with the same protocol, other studies found better joint position sense when shoulder flexion and abduction angles approached 90 degrees. 28, 40 One explanation for the more accurate joint position sense near 90 degrees of abduction is that the upper limb generates the largest gravitational torque at 90 degrees and, therefore, requires greater muscle force or effort from shoulder abductors to achieve the position. As discussed earlier, better sensation of joint angles as well as a better stabilized humeral head may contribute to the observed superior joint position sense at 90 degrees due to the necessary stronger muscle contractions. Moreover, less shoulder position error at 90 degrees of abduction may be due to individuals being more familiar with and capable of aligning the upper limb to earth fixed horizontal than other orientations. 41, 42 On the other hand, both groups had the largest position errors at 45 degrees of abduction where less abductor muscle force is needed and both active and passive shoulder stabilizers are stretched less than at 90 and 135 degrees of abduction. Thus, both muscle receptors and joint receptors may be less sensitive in providing shoulder position sense near 45 degrees of abduction than at greater abduction angles.
The accuracy of the perception of shoulder rotation angles did not depend on the rotation angle. Participants with unstable shoulders exhibited the largest errors at 90 degrees of ER, but these errors were not significantly larger than those of the participants with healthy shoulders at this critical position. One possible explanation is that enhanced muscle spindle sensitivity and a more centered humeral head with the active positioning protocol may compensate for joint position sense deficits caused by compromised joint receptors. Despite the lack of significant difference between the 2 groups at 90 degrees of ER, participants with unstable shoulders exhibited the largest position errors at this vulnerable position. Clinicians who implement joint position sense training should focus on this position because shoulder position sense is clearly accurate at other positions for individuals with unstable shoulders.
The RMS errors in active rotation were usually larger than the errors in passive rotation. This finding probably was due to the different natures of the tasks. Passive matching is a simple, 1-dimensional task in which individuals only have to pay close attention to match the perception of the remembered location (not necessarily the angle in degrees they actually perceive). In addition, more tactile information was available (at the elbow support) during the task, which might further enhance "matching" accuracy. Active positioning is a 3-dimensional task in which the participants moved their unsupported arms to a verbally specified configuration in space. They were able to comprehend the described arm positions, but positioning the arm would depend on an internal perceived estimate of the specified arm position. Also, some locations (eg, 90°of abduction with 45°IR) are not commonly used on a daily basis, which might be expected to produce larger errors. Additional analysis of variable errors showed that participants in both groups consistently positioned the arm to approximately 45 degrees of IR during both active rotation (3.8°in the control group versus 4.2°in the experimental group) and passive rotation (3.1°in the control groups versus 4.9°in the experimental group), suggesting that the higher RMS errors in active positioning were due primarily to the perceived nature of the task.
Conclusions
The purpose of this investigation was to determine whether individuals with a history of anterior shoulder dislocation exhibited joint position sense deficits compared with individuals with healthy shoulders. This study examined shoulder position sense at both the mid-range and end-range of shoulder motion with passive matching and active positioning protocols. The results showed that people with unstable shoulders can perceive shoulder angles as accurately as people with healthy shoulders in activities involving voluntary arm movements. These observations suggest that altered neuromuscular control due to compromised shoulder position sense may not be the main contributor to recurrent shoulder dislocations. Other factors (eg, compromised passive stabilizers, returning to an active lifestyle and sports) may be more important contributors to recurrent shoulder instability than joint position sense deficits. Moreover, the effectiveness of implementing proprioceptive training to enhance neuromuscular coordination to improve dynamic stability for unstable shoulders 10, 43, 44 should be further examined.
Limitations
The majority of the participants with unstable shoulders (9 out of 10) and those with healthy shoulders (13 out of 15) regularly participated in recreational or competitive activities. It is not clear whether a person's fitness level would have an impact on shoulder perception. Although young, athletic individuals have the highest recurrence rate for shoulder dislocation, 45 the results of Shoulder Position Sense in Individuals With Anterior Shoulder Instability the current study may not be generalized to all individuals (in different age groups or fitness levels) with anterior shoulder instability or those with other types of instability (eg, multidirectional instability).
In order to have participants with the greatest position sense deficits in comparison with those with healthy shoulders, we recruited only individuals with a proper diagnosis from a university medical center and excluded those with only partial dislocation or subluxation. These criteria greatly limited the number of participants for our experimental group. Although our sample size was adequate based on the power analysis, further investigation with a larger sample size may be beneficial. 
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